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ON  THli  BIRNIK  VELOCITY  CE  ATQ-ilZED  ELEL 


V,  Ya,  Basevich 

The  burr.iiiG  of  atomized  lit^uid  fuel  attracts  special  attention,  since  it  is 
one  of  the  luost  widespread  processes  in  engineering  (gas  turbines,  diesel  engines, 
various  heating  devices  ate,). 

j».t  the  present  time  a  large  number  of  papers  on  the  diffusion  burning  velocity 
of  fuel  drops  is  known  [1-Sj,  These  investigations  have  led  to  the  formulation  of 
a  basic  law  for  the  burning  velocity  of  drops,  a  law  wnich  essentially  reflects  the 
vaporization  of  the  drops  under  the  action  of  the  flame.  This  law  is  usually  pre¬ 
sented  as  a  linear  relationship  between  the  square  of  tne  drop  diameter  D  and  the 
combustion  time  rt 

I)l  —  D-  A  t, 

where  D  and  D  are  the  initial  and  present  drop  diameters;  and  is  the  so-called 
c 

burning- velocity  constant. 

In  the  case  cf  a  number  of  hydrocarbons  the  experimental  values  obtained  for  the 
constant  Ic  are  in  general  agreement.  These  values,  which,  as  a  rule,  are  obtained 
in  model  eXi^eriments,  correspond  to  those  idealized  coiditiona  under  which  the 
experiments  were  carried  outj  in  the  ;i.ajority  of  cases  this  is  a  single  large  drop 
in  stationary  air  or  a  model  of  a  drop  in  the  foi’m  of  a  porous  body  being  blown  in  a 
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slow  air  stream,  etc. 

tiixch  an  idealization  io  necessary  in  order  to  eatabliah  the  combustion  law,  aa 
well  as  for  an  exact  detcrmi nation  of  jt,  and  is  completely  justified.  However,  an 
evaluation  of  the  values  of  k  under  UiOre  complicated  conditions  is  desirable,  pertic- 
ularly  for  tne  burning  of  an  ensemble  of  drops  of  different  dimensions  in  a  high 
velocity  turbulent  flow. 

In  the  present  paper,  on  the  basis  of  a  niimber  of  assumptions,  an  attempt  has 
been  oade  at  such  an  e  valuation.  For  comparison,  the  burning  velocities  of  homo¬ 
geneous  mixtures  have  also  been  measured  and  compared. 


Fig.  1.  nxpurimental  apparatus 

1)  electrical  prehoetor;  2)  pipe;  5)  jet;  4)  thermometer; 

3)  turbulator;  6)  combustion  chamber;;  7J  burner;  8)  gas 
sanipleri  9)  veaael;  lOj  thermometer;  li)  thermostat;  12) 
manometer;  1^)  electric  motor;  I4)  stopcock;  I3)  electric 
timer;  I6)  calibrated  orifice;  X7)  trap  with  liquid  nitro¬ 
gen;  18)  volume  meter. 

Ixperimental  method 

As  follows  from  Jbiq.  (l),  in  order  to  evaluate  the  burning -velocity  constant, 
it  is  necessary  to  measure  the  burn-up  velocity  of  the  fuel  drops.  For  this  purpose 
the  apparatus  presented  in  Fig,  1  was  employed.  Air  from  a  p’unp  entera  through 
electrical  preheater  1  into  pipe  2  with  an  internal  diameter  of  43  -Qnd  12  apertures, 
in  any  one  of  which  centrifugal  fuel  jet  3  could  have  been  iiiStalled.  Interchangeable 
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atojiiizers  with  a  small  atcmization  cone  are  employed  in  the  jet,  as  a  result  of 
which  the  amount  of  precipitation  of  fuel  on  the  walls  of  the  pips  remains  insignif¬ 
icant.  The  temperature  of  the  air  at  the  inlet  into  the  combustion  chaiiiber  is 
determined  vath  the  aid  of  mercury  thermoiiieter  4.  The  fuel  from  the  tank  eaters 
under  pressure  of  nitrogen.  The  pressure  is  set  on  a  manometer  and  determines  the 
fuel  flow  rate.  Couibustion  chamber  6  of  rectangular  cro^^s  section  has  quartz  side 
walls  in  the  initial  portion. 

The  open  end  of  the  coa.bustion  chamber  was  in  contact  with  the  atmosphere.  The 
slanting  “two  dimensional”  flame  tongue  of  atomized  fuel  was  stabilized  with  the 
aid  of  one  of  two  hydroe^en  burners  7  on  the  wall  at  the  inlet  into  the  combustion 
chamber,  woreover,  the  following  were  determined: 

1}  The  CO2,  CO,  and  &2  content  in  the  exhaust  combustion  products  along  the  ' 
height  of  the  chamber  in  one  particular  section  located  at  a  certain  distance  from 
the  inlet— by  gas  analysis  of  samples  selected  through  cooled  gas  sampler  8; 

2)  The  flow  rate  of  the  fuel  and  air  and  the  extent  of  preliminary  vaporiza¬ 
tion  of  the  fuel,  A  special  method  (parts  9”3.6)  was  developed  for  recording  the 
extent  of  vaporization. 

The  essence  of  this  method  consists  in  sampling  and  evaluating  the  composition 
of  the  gaseous  phase  of  the  fuel-air  liiixture;  the  cauposition  was  analyzed  by  the 
so-called  thermodynamic  juethod  t9-li 

5)  The  local  mixture  cocipositions  a  ahead  of  the  flame  front—by  measuring  the 
amounts  of  fuel  deposited  in  traps  17,  which  were  cooled  with  liquid  nitrogen,  while 
a  known  amuunt  of  the  fuel-air  mixture  was  suctioned  off  througu  volume  meter  18; 

4)  The  distribution  of  tne  fuel  drops  according  to  dimensions  in  the  flow  at 
the  inlet  into  the  couibustion  chamber— from  the  imprints  in  the  flow  on  rods  coated 
witn  a  layer  of  soot  and  magnesium  oxide. 

3)  The  trajectories  of  the  drops  in  the  burning  zone— from  pnotographa  (Fig,  2) 
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Fig.  2,  a)  piiotograpb  of  tbs  flame  tongue; 
b)  diagram  of  tiiis  flame  tongue  with  the 
trajectories  I»“I|  II—II;  and  III — III 
a)  section  in  which  analysis  of  the  gases 
was  carried  out. 

6)  The  flight  velocity  of  the  crops  along  three  chosen  trajectories — by  photo¬ 
scanning  the  flame  through  a  slit  or  film  with  a  simultaneous  time  record* 

In  determining  the  complete  combustion  time  of  homogeneous  mixtures  the 

flame  was  stabilized  both  hydrogen  burners  so  as  to  create  a  "two  dimensional" 
flame  tongue  symiiietrical  with  respect  to  the  axis;  evaluated  werei  the  average 
gas  velocity  in  the  flame  tongue  v  by  photoscanning  the  tracks  of  luminous  magnesium 
particles  which  had  been  previously  introduced  into  the  flow  through  a  slit  located 

on  the  flow  axis;  the  length  of  the  burning  zone  6 -  from  the  composition  of 

the  exhaust  gases  and  by  photographing  the  zone  of  luminescence.  Trom  which  = 

=  3/v, 

Paraffin  kerosene  with  a  specific  gravity  of  C.82  g/cm^  and  a  boiling  range  of 
140-500*^0  served  as  the  fuel.  Slementaoy  compositions  carbon  83.7%  hydrogen  14.0%, 
sundry  impurities  0.5%.  Ih  certain  experiments  with  homogeneous  mixtures  municipal 
gas  containing  up  to  73%  methane  was  used. 
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Sxperimental  Reaults 


1.  Burnln^^Velocity  Constant  of  the  Drops 

In  the  daterniinatioii  of  the  velocity  constant  firstly,  Eq^  (l)  was  assumed 
to  be  valid  aul,  secoiidly,  the  mass  exchange  between  trajectories  was  not  taken 
into  account  as  a  result  of  wnich  the  values  for  k  will  be  overstated  on  trajectories 
witn  a  low  degree  of  burn-up  and  understated  on  tnose  with  a  nigh  degree  of 
burn-up* 

It  should  be  noted  that  the  suuall  combustion  ti*..es  (t  <  23  m  sec)  justify  this 
assumption  to  some  extent. 

From  the  distribution  of  the  drop  dimensions,  which  directly  gives  the  informa¬ 
tion  concerning  the  number  of  drops  in  groups  of  drops  of  given  initial  diameter 
dimensionless  curves  of  the  burn-up  V  or  completeness  of  combustion  for  different 
values  of  the  product  kr  were  plotted  (Fig,  3)  i 


(2) 


Fig,  5,  Burn-up  ^  aa  a  function  of  kr,  D„, 

av 

equals.  S3m  (l);  IlOA  (2)?  108A  (5):  45-«  (4) 


The  actual  values  of  t)  were  determined  from  the  ratio 


where  [CO^  +  CO]  is  the  total  percentage  content  according  to  the  analysis  of  the 
gases }  [C0_  +  COj  is  the  maximiun  possible  content  of  these  gases  froni  atoichio- 
metric  calculation  for  the  local  values  of  a. 

From  the  values  of  t),  the  calculated  value  according  to  Ec^,  (2)  and  the  actual 
value  according  to  (3),  the  value  of  the  product  kr  can  be  obtained  graphically. 
Finally,  from  the  known  trajectory  length  and  flight  velocity  of  the  drops  the  com¬ 


bustion  time  T  and  the  value  of  the  burning  velocity  constant  are  deterniined 


(4) 


Experiments  were  carried  out  for  a  practically  negligible  degree  of  preliminary 
vaporization  along  three  trajectories!:  I-I,  I3O;  II-II,  30Cj  and  III-III,  42O  miu 
for  different  atomizers,  centrifugal  and  pheumatic,  giving  a  different  fineness  of 
atomization  (average  diameter  of  drops  and  xuacrodistribution.  The  total  excess 

air  coefficient  a  was  equal  to  1;  the  temperature  of  the  air  at  the  input  into  the 
combustion  chamber  was  20-23°j  the  distance  from  the  jet  to  the  combustion  chamber 
was  450  mm;  and  the  air  flow  rate  was  220  and  44O  kg/hr,  which  corresponds  to  an 
average  flow  velocity  v  =  3;)  and  63  m/sec.  The  open  end  of  the  combustion  chamber 
was  in  contact  with  the  atmosphere.  The  results  of  the  experiment  are  presented  in 
Table  1, 


TABLE  1 


Determination  of  Burning- 
7elocity  Constant 


of  atomizer 

_ 

ITrajeci 

1  tory  ! 

j  1 

^  1  ^.l&S6C  I 

_i  . 

4  1*.  '“-'iVS©! 
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'  k,  onK/sec 

Centrifugal 

Ks 
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!  II  —  ii  ^ 
j  1 1 1  —  III 
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!  -ii/aec 

i 

n.S!  j 

Centrifugal 

Ilk'': 
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i  11  --  11 

111  -111 

1  i  -1 . 1 

1  '  .  1  1*  J  j  i  i  .  ! 
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j 

',<^1  til  ! 

'j'l.'j'.j  1 

1 

•  >.7*.  ■  c  I 

Pneumatic 

1  in 

:  1-1  ■ 

1  1!-  11 

■  III--  111 

1 

J.  \  '  ,  . • ,  L’ 

i 

1.-.  i 

■  1 t  >, 

‘•.r.n.'iH 

.  n.no(in 

Centrifugal 

1 

i 

i  1-1  ■ 

!  11  -  II  : 

111  -  111': 

i 

,■  ^  i). 

1  .i'i  1  7..> 

1  .'i.'t  ; 

I'l.s:'.  !  1::,:  ! 

i 

1  1 

■  ■'/sec 

O.L'T  ii.oiC  I 

n ,  ‘ ,  1 M 5. j 

n.i'ti  •  i'.003!’.  1 

! 

1),  i:(  i.lfU'r 
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As  cau  be  seen  from  Table  1,  the  burning-velocity  constants  of  the  drops  for 

p 

D  88~110M  and  v  =  5j5  m/sec  lie  within  the  liaiits  0* C052— -0*CX)66  cm  /sec;  the 
av 

2 

average  value  out  of  ten  meaeurexi^nts  is  0*0039  oia  /sec* 

Tor  ^  45a  and  v  =  63  m/sec  the  valuesof  k  are  essentially  equals  limits  of 


0.002—0*0038  and  an  average  of  O.OO3O  cm  /sec* 

2*  Burning  Time  of  Hcmog;eneou3  Mixtures 


'^he:  msec 

fO 
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For  a  comparison  of  the  time  of  total 
cojibustion  of  atomiaea  fuel  and  homogeneous 
mixtures  experiments  ware  conducted  to 
determine  this  time  for  stoichiometric 
compositions.  The  results  of  the  measure- 


Fig.  4.  Burning  tiii^  of  homo-  ments  are  presented  in  Fig.  4. 
geneous  mixtures  at  different  flow 

velocities  v  Discussion  of  Results 

The  results  of  the  experinients  do  not 
permit  us  to  judge  the  extent  to  which  £q,  (l)  is  justified.  This  follows  from  an 
analysis  of  the  accuracy  of  the  individual  measurements.  In  particular,  on  account 
of  the  ^Leep  rise  in  the  concentration  [CC2  +  COj  along  the  height  of  the  section 

(different  t),  an  accuracy  of  tne  order  of  2-3  mm  would  have  been  required  for  the 
deterxiiination  of  the  position  of  the  trajectories  along  the  height  of  the  section, 
iii  order  to  determine  the  exponent  of  D  with  an  accuracy  to  1.  ouch  an  accuracy 
could  not  be  achieved. 

The  values  obtained  for  the  constant  k,  which  characterize  the  absolute  burning 
velocity  of  fuel  drops  in  a  turbulent  flow,  allow  us  to  make  a  comparison  with  the 
numerous  neasuraments  that  have  been  niade  under  model  idealized  conditions*  Some 
of  these  meaeurements  have  been  collected  in  Table  2* 

As  can  be  seen,  the  vaL  ue  cf  k  measured  in  our  experiments  for  =  86— 110a 
is  1.3  to  2  times  lover  than  the  values  obtained  for  a  single  drop,  but  it  coincides 
with  the  data  of  corresponding  experinKjnts  with  groups  of  drops  of  small  [3J,  as  well 
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as  lar^e  dimensions  (when  the  distance  between  them  is  small)  [6,  8l^  The  theoret¬ 
ical  conclusion  that  the  turbulence  of  the  medium  and  of  the  burning  zone  itself 
cannot  appreciably  change  the  vaporization  rate  of  fuel  drops  when  D  <  ICOA  is,  on 
the  whole ,  c  on  firmed • 

The  CQii5)lete  combustion  time  r  of 
drops  of  different  dimension  according  to 
Eq,  (l)  for  k  =  0*0039  cmVsec  is  presented 
in  Eig,  3*  ^  diffusion  nechanism  the 

rate  of  cuuibustion  is  deterxuineu  b^  the 
rate  of  drop  vaporization.  As  can  be 
seen,  for  sufficiently  fine  drops  the  com¬ 
bustion  time  ia  commensurate  with  the  burn¬ 
ing  time  of  a  hcauogeneous  mixture  in  a 
turbulent  flame  tongue  (Pig*  4) 
may  even  be  leas.  Hence  it  follows  that  in  a  turbulent  flow  the  rate  of  vaporization 
of  these  drops  may  exceed  the  rate  of  combustion  of  the  vapor*  For  a  flow  velocity 

V  -  35  m/3ec  and  D  =  88—110^  the  condition  r  .  <  t  arises  as  soon  as  D  60a* 
av  CQ  ~  he  0 

The  data  in  Table  1  for  v  -  35  m/sec  refer  to  those  degrees  of  fineness  of  atomiza¬ 
tion,  for  which  the  content  of  drops  <  6Qm  corresponded  to  2^%  -  68/^),  18;» 

=  108a*),  and  12%  i*e*,  generally  small.  It  is  therefore  possible 

to  assume  that  tne  values  obtained  for  k  refer  to  a  diffusion  combustion  region, 
when  the  combustion  rate  can  be  neglected,  and  the  limiting  atage  is  the  fuel  vapor¬ 
ization.  It  was  for  this  very  case  that  the  relationship  (l)  which  we  have  used  was 
obtained. 

In  experiments  with  =  43^  when  v  =  63  m/sec^  the  relationship  ^ 

arises  as  soon  es  ^  In  this  case  already  luore  tnan  half  the  arops  (57/i  by 

weight)  have  a  dimension  30a,  viiich  apparently  led  to  a  significant  understat eifient 
of  the  values  obtained  for  k*  For  these  drops  the  vaporization  rate  is  higher  than 


D 
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the  vapor  combustion  rate,  which  indicates  a  transition  from  the  diffusion  region 
to  a  region  governed  by  the  law  of  turbulent  gas  combustion,  the  laws  of 

kinetics  and  txirbulence* 

It  should  be  noted  here  that  since  the  burning  zone  around  the  drops  is  turbu¬ 
lent,  it  is  necessary  to  estimate  this  transition  in  accordance  with  th<=  combustion 
tiuje  of  a  homogeneous  mixture  in  a  turbulent  flame,  and  not  on  the  basis  of  purely 
kinetic  data,  as  some  autxiors  have  done,  in  Befs.  [lO,  11 J. 

Thus  the  deteriiiination  of  k  permits  us  not  only  to  estimate  the  burning  velocity  , 
but,  vyhen  the  value  of  is  known,  to  establish  the  critical  drop  diameters,  above 
and  below  wnich  significantly  different  combustion  laws  come  into  effect. 

Tne  purpose  of  tnis  paper  was  to  evaluate  the  burning-velocity  constant  k  in  a 
turbulent  flow,  in  order  to  compare  it  with  its  values  in  experiments  with  single 
drops,  as  well  as  to  compare  the  canbustion  times  of  drops  and  homogeneous  mixtures 
for  a  determination  of  the  value  of  the  critical  drop  diameter  under  the  conditions 
of  the  given  experiment* 

iNiote  that  knowledge  of  the  critical  drop  diameter  is  useful  under  any  concrete 
technical  conditions  of  burning,  aiuc©  it  permits  us  to  judge  the  effect  that  a 
change  in  the  drop  dii/iensions  has  on  burning.  Let  us  consider  this  in  the  case  of 
a  diesel  engine.  Here  in  the  presence  of  coarse  atomization,  when  the  drop  diameter 
is  many  tines  greater  than  the  critical  diameter,  we  can  expect  slow  burning.  On  the 
other  hand,  if  the  drop  diameter  is  less  than  critical,  reauction  of  the  cuubustion 
time  by  further  reduction  of  tne  arop  diameter  is  ixupossible. 

«ith  the  aid  of  the  data  obtained  it  is  possible  to  maKe  a  purely  approximate 
estimate  of  tnis  critical  dimension,  j?or  this  purpose,  it  is  necessary,  above  all, 
to  know  the  combustion-rate  constant  k  corresponding  to  the  conditions  in  a  diesel 
engine.  Using  the  value  we  nave  obtained  for  ^  we  shall  introduce  a  correction  for 
nigh  air  pressures  and  temperatures.  The  value  of  k  in  stationary  air  for  a  single 
drop  increases  with  an  increase  in  pressure  from  1  to  20  atm  in  proportion  to  a  power 
of  C.23  [2j. 
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Table  2 


Experimeiital  \4alues  of  Combustion'^Bete  Constants 

I _ _ ;  Axperimental  conditions _ j  ^ 

k,  cm^/sec  |  jj  „  btate  of  medtuml  Other  conditions -g 

p  _ I _ L®- 


Diesel  fuel 


■ :  luo 

i^^tationary 

Keros end 

1  I 

.  •  wi/.H, 

1  stationary 

[  ■ 

1  7’.-7lO",  flight] 

Benzene 

iitationary 

■  of  a  single  drop 

D.fiiOT 

'[.V. 1—  .XjO 

* 

; 

iijiiinti 

i.V./M-  .^X0 

<1 

ij.oii!— o.oir, 
u.on:» 

..sjO 

-1x00 

Blast 

.  ■.■..1  •■■sec 

1  Ci*rwi — S',0017 
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The  value  of  k  also  increase®  with  increase  in  air  temperature,  although 
apparently  less  rapidly »  Thus,  acoording  to  tne  experiments,  for  large  single  drops 
of  diesel  fuel  at  rooiu  temperature  k  =-  C.0079  cm^/3iec[lj  ,while  at  6C&^C  k  Si^O.Ol 
cm  /sec  [4J«  the  temperature  correction  is  appearently  slight,,  we  shall  not 

introduce  it  into  our  approxinaate  caIculation» 

Taking  the  value  of  the  coiiipressi on  pressure  in  a  die^^el  engine  to  be  p  =  J'O  atm 
and  extrapolating  the  function  obtedaed  in  [2j  to  thia  pressure,  we  find  the  value 

k  -  0,0059  (yj"’"®  0.0138  c.w2 /sec 

On  the  other  nand,  it  is  necessary  to  deteriui,ae  the  corubustion  tiite  of  a  nearly 
stoichioa^etric  homoganeous  iiiixtui’e*  Thia  was  done  with  the  aid  of  data  at  our 
disposal  and  was  partially  published  in  [I2j. 

It  is  peimiusifole  to  estimate  the  time  of  fast  pressure  rise  during 

combustioi.  according  to  tnc  indicator  diaip^ams  corresponding  to  the  process  of  self- 
ignition  of  aoiuogeneous  :4*ixtures  as  a  result  of  compresoiou.  In  tnis  case  for 
hydrocai- Don-air  nixtures  (for  diesel  tj  pe  fuels)  under  conditions  of  M^h  temp  era  ture^ 
end  pressures  the  values  obtained  for  are  of  tne  order  of  C.j— 1  m  sec.,  It  is 
pussiblo  to  estimate  from  schii&ren  lucvie  recordings  as  tnu  time  during  wiiic,h 
t*ie  gas  re*.,.aiii3  in  the  flame  front,  vjiiile  the  flaiiie:  propagates  from  a  spark  in 

i 

where  is  the  propagation  velocity  of  the  flame, 

and  >$'  is  tiie  wLdt-i  of  the  cumbuotion  zone.  In  this  case  values  of  t.  of  the  order 

nc 

of  1-2  mseC  are  obtained.  Cn  the  avera.^e,  niay  be  taken  equal  tc  1  msec  =  10*^ 

sec.  By  definition  t  ,  «  r.  for  the  critical  drop  diameter,  3c  that  we  obtain 

ccL  nc  ' 

==  /0'.0i38-“ir'»  ==  0,0037  rir  p. 

If  the  t;,3timatc  has  bi^en  ...ade  i,.orc  or  ccrrectly,,  this  rraeans  that  an 

appreciable  reduction  of  the  combustion  time  for  snort  ignition  del^s  (during  the 
c  ou  rs  e  c  f  v;  '•i  i  c  h  the  d  i  me  ns  i  ons  of  1  ar  g  e  drops  r  cmai  n  al  oiOS  t  unc  handed)  by  d  e  c  r  ea  si 
the  drop  diau^eter  below  is  practically  iu.pcssibl^.  oince  toe  coriiitioiiS  in  our 
experiments  on  tiic  doterudnat icn  of  the  values  of  K  are  extremelj  different  froiii  the 
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cciubuotioa  conditioas  in  a  dieael  engine,  and  since  the  influence  of  pr«limi:iary 
vapoj'izati on  o;*  tne  drop  dioiiieter  was  not  taksn  into  account,  the  celculati  on  per- 
forined  above  is  Illustrative  in  aeture. 

Because  it  is  important  to  havo  an  idea  of  the  possible  means  of  controlling 
th©  c on  process,  extensive  invcctigations  of  the  values  of  toe  burning-vclocii^ 
constant  arid  tne  burning,  time  under  different  specific  conditioirs  of  ignition  of 
atoioized  fuc^l  ere  ry^uired, 

wonciusiong 

1*  The  value  of  the  diffusion  consteut  of  tue  drop  burning,  velocity  has  been 

obtained  for  the  conditions  of  burnlxig  of  atomized  kerosene  in  a  turbulent  flow  with 

o  2 

an  initial  temp  erst  lire  of  2C  C  at  1  atmr  k  -  O*0C59  oni  /sec* 

2*  The  minitisuCT  critical  drop  dianjeter,  which  liirdts  the  diffusion  combustion 
re^on  under  the  given  burnine  conditions,  has  been  established,. 
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